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GRAPHICAL  ABSTRACT 


►  New  nonwoven  composite  separa¬ 
tors  for  use  in  high-safety/high-rate 
lithium  batteries. 

►  Provision  of  a  facile  route  to  fine- 
tune  porous  structure  of  the 
nonwoven  separators. 

►  Silica  colloidal  particle-assisted 
nanoporous  structural  evolution  in 
PET  nonwovens. 

►  Interstitial  voids  formed  from 
evaporation-induced  self-assembly 
of  Si02  colloidal  particles. 

►  The  structural  novelty  allows  lower 
thermal  shrinkage  and  superior  cell 
performance. 
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A  facile  approach  to  the  fabrication  of  nanoporous  structure-tuned  nonwoven  composite  separators  is 
demonstrated  for  application  in  high-safety/high-rate  lithium-ion  batteries.  This  strategy  is  based  on  the 
construction  of  silica  (Si02)  colloidal  particle-assisted  nanoporous  structure  in  a  polyethylene  tere¬ 
phthalate)  (PET)  nonwoven  substrate.  The  nanoparticle  arrangement  arising  from  evaporation-induced 
self-assembly  of  Si02  colloidal  particles  allows  the  evolution  of  the  unusual  nanoporous  structure,  i.e. 
well-connected  interstitial  voids  formed  between  close-packed  Si02  particles  adhered  by  styrene- 
butadiene  rubber  (SBR)  binders.  Meanwhile,  the  PET  nonwoven  serves  as  a  mechanical  support  that 
contributes  to  suppressing  thermal  shrinkage  of  the  nonwoven  composite  separator.  The  aforementioned 
structural  novelty  of  the  nonwoven  composite  separator  plays  a  key  role  in  providing  the  separator  with 
advantageous  characteristics  (specifically,  good  electrolyte  wettability,  high  ionic  conductivity,  and 
benign  compatibility  with  electrodes),  which  leads  to  the  better  cell  performance  than  a  commercialized 
polyethylene  (PE)  separator. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

With  rapid  expansion  of  lithium-ion  batteries  into  newly 
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energy  storage  systems,  which  generally  require  high-energy 
density  and  high-power  density,  formidable  challenges  related  to 
safety  failures  must  be  confronted  [1-4].  In  particular,  in  address¬ 
ing  internal  short-circuit  problems,  which  are  believed  to  be  the 
most  critical  threat  in  securing  battery  safety,  a  separator  is 
considered  a  key  component  to  suppress  the  failure,  as  its  primary 
role  is  to  maintain  electrical  isolation  between  the  cathode  and 
anode  [5-7].  Another  important  function  of  separators  is  to  allow 
ionic  transport  via  their  liquid  electrolyte-filled  micropores.  The 
ionic  conductivity  of  separators  is  known  to  heavily  affect  ohmic 
polarization  (i.e.,  IR  drop)  of  cells. 

While  currently  widely  used  polyolefin-based  separators  have 
many  advantages  for  use  in  lithium-ion  batteries,  their  poor  thermal 
stability,  low  porosity,  and  insufficient  electrolyte  wettability  [7]  have 
often  raised  serious  concerns  about  their  fundamental  functions  to 
ensure  the  electrical  isolation  (cell  safety)  and  ionic  transport  (cell 
performance)  between  electrodes.  Among  numerous  approaches  to 
overcome  these  limitations  of  polyolefin-based  separators,  the  use  of 
nonwovens  comprising  multi-fibrous  layers  has  drawn  considerable 
attention,  as  they  offer  excellent  thermal  resistance,  high  porosity,  and 
cost  competitiveness.  However,  conventional  nonwovens  face  some 
challenges  in  providing  well-tuned  porous  structure  that  can  be 
directly  applicable  as  a  separator  for  lithium-ion  batteries.  More 
specifically,  the  excessively  large  pore  size  and  nonuniform  pore  size 


distribution  of  the  nonwovens  tend  to  inadequately  prevent  leakage 
current  between  electrodes,  which  results  in  an  open  circuit  voltage 
(OCV)  drop  of  cells  [5-7].  Several  attempts  to  resolve  the  aforemen¬ 
tioned  drawbacks  of  nonwovens  have  been  reported,  which  include 
the  coating  of  ceramic  powders/binders  to  nonwovens  [8-10],  use  of 
electrospinning-based  nanofiber  nonwovens  [11,12],  and  impregna¬ 
tion  of  gel  polymer  electrolytes  into  nonwovens  [13—15]. 

Meanwhile,  two-  or  three-dimensionally  close-packed 
arrangements  of  colloidal  particles  have  been  extensively  investi¬ 
gated  as  ideal  starting  templates  for  the  preparation  of  micro-  and 
nanostructrued  periodic  porous  materials  that  could  be  used  in 
various  applications  such  as  sensors,  catalysts,  and  photonic  crystal 
devices  [16-20]. 

In  the  present  study,  by  exploiting  the  intriguing  concept  of 
these  colloidal  particle  arrays,  we  demonstrate  a  novel  and  facile 
approach  to  finely  tune  a  porous  structure  of  a  nonwoven 
composite  separator  (hereinafter,  referred  to  as  an  NC  separator), 
which  could  be  recommended  as  a  promising  alternative  to 
conventional  polyolefin  separators.  This  strategy  is  based  on  the 
construction  of  silica  (SiC^)  colloidal  particle-assisted  nanoporous 
structure  in  a  poly( ethylene  terephthalate)  (PET)  nonwoven 
substrate.  Herein,  the  nanoparticle  arrangement  arising  from 
evaporation-induced  self-assembly  of  Si02  colloidal  particles 
allows  the  evolution  of  the  unusual  nanoporous  structure,  i.e.  well- 


Fig.  1.  FE-SEM  photographs  of:  (a)  PE  separator  (surface):  (b)  pristine  PET  nonwoven  (surface):  (c)  NC  separator  (surface):  (d)  NC  separator  (cross-section,  the  inset  is  a  photograph 
of  the  Si02  colloidal  solution),  (e)  An  AFM  photograph  of  the  NC  separator,  (f)  A  schematic  representation  illustrating  the  porous  structure  and  conceptual  ion  transport  of  the  NC 
separator. 
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connected  interstitial  voids  formed  between  close-packed  Si02 
particles  adhered  by  styrene-butadiene  rubber  (SBR)  binders.  The 
PET  nonwoven  serves  as  a  mechanical  support  that  contributes  to 
preventing  thermal  shrinkage  of  the  NC  separator. 

Performance  superiorities  of  the  NC  separator,  as  compared  to 
a  commercialized  PE  separator,  are  evaluated  in  terms  of  porous 
structure,  thermal  shrinkage,  electrolyte  wettability,  and  ionic 
transport.  Based  on  this  characterization,  advantageous  effects  of 
the  NC  separator  on  cell  performance  (specifically,  OCV  (Open 
Circuit  Voltage)  drop,  discharge  capacities,  discharge  C-rate  capa¬ 
bility,  and  cyclability)  are  also  investigated. 

2.  Experimental 

2.1.  Fabrication  of  NC  separator 

A  coating  solution  (inset  in  Fig.  1(d))  was  prepared  by 
mechanically  mixing  a  Si02  colloidal  solution  (average  particle 
size  — 80  nm,  Nissan)  with  an  SBR  emulsion  (Synthomer)  for  2  h. 
The  solid  content  (=  total  amount  of  Si02  and  SBR)  in  the  coating 
solution  was  18  wt%  and  the  Si02/SBR  composition  ratio  was  fixed 
at  95/5  wt%/wt%.  Herein,  the  influence  of  the  SBR  binder  itself  on 
the  properties  of  the  NC  separator  is  assumed  to  be  insignificant 
due  to  its  very  small  content,  in  comparison  to  the  Si02  colloidal 
particles.  A  PET  nonwoven  (average  thickness  =  17  pm,  Mitsubishi) 
was  chosen  as  a  mechanical/thermal  support.  The  PET  nonwoven 
was  soaked  in  the  coating  solution  for  3  min  by  dip-coating.  The 
evaporation-induced  self-assembly  of  Si02  colloidal  particles  was 
realized  between  the  PET  fibers  by  slowly  drying  the  coating 
solution-immersed  PET  nonwoven  at  room  temperature,  followed 
by  vacuum  drying  at  60  °C  for  4  h.  The  final  thickness  of  the  NC 
separator  was  approximately  18-20  pm.  As  a  control  sample, 
a  commercialized  PE  separator  (average  thickness  =  20  pm,  Tonen) 
was  chosen. 


densities  were  varied  from  0.2  to  2.0  C  at  a  constant  charge  current 
density  of  0.2  C  under  a  voltage  range  of  3. 0-4.2  V.  The  cells  were 
cycled  at  different  charge/discharge  current  densities  of  0.5  C/0.5  C 
and  1.0  C/1.0  C,  respectively.  The  AC  impedance  of  the  cells  was 
measured  using  an  impedance  analyzer  (Bio-Logic)  over  a  frequency 
range  of  10-2-106  Hz. 

3.  Results  and  discussion 

In  contrast  to  a  PE  separator  having  large  number  of  small-sized 
micropores  (Fig.  1(a)),  of  which  average  diameter  appears  to  be 
below  0.1  pm,  the  pristine  PET  nonwoven  shows  excessively  large¬ 
sized  pores  that  are  arbitrarily  distributed  between  the  PET  fibers 
(Fig.  1(b)).  The  morphological  characterization  of  the  NC  separator 
(Fig.  l(c)-(e))  demonstrates  that  the  close-packed  nanoparticle 
arrangement  driven  by  evaporation-induced  self-assembly  of  Si02 
colloidal  particles  allows  for  the  evolution  of  a  unique  nanoporous 
structure,  i.e.  well-connected  interstitial  voids.  The  cross-sectional 
morphology  (Fig.  1(d))  exhibits  that  the  SiC^  nanoparticles  are 
compactly  embedded  between  the  PET  fibers  in  the  thickness 
direction.  The  AFM  photograph  (Fig.  1(e))  also  confirms  the  devel¬ 
opment  of  a  Si02  colloidal  particle-assisted  nanoporous  structure  in 
the  NC  separator. 

The  nanoporous  structure  of  the  NC  separator  is  quantitatively 
evaluated  by  measuring  its  Gurley  value.  Compared  to  the  PE  sepa¬ 
rator  (=  240  s  100  cc-1),  the  NC  separator  presents  a  lower  Gurley 
value  (=  97  s  100  cc-1).  Meanwhile,  the  Gurley  value  of  the  pristine 
PET  nonwoven  was  too  low  to  be  exactly  determined,  i.e.  it  was 
beyond  the  measurement  limits  of  the  Gurley  densometer,  revealing 
that  the  pristine  PET  nonwoven  has  immoderately  large-sized  pores. 
A  low  Gurley  value  of  a  separator  indicates  high  air  permeability,  i.e. 
a  short  tortuous  path  for  air  transport  [5-7].  This  difference  in  the 
Gurley  value  between  the  separators  was  confirmed  by  measuring 
their  porosity.  Fig.  1  also  shows  that  the  porosity  of  the  NC  separator 
is  50%,  relative  to  that  (= 45.0%)  of  the  pristine  PE  separator.  Thus,  the 


2.2.  Characterization  of  membrane  properties  and  electrochemical 
performance  ofNC  separator 

The  morphologies  of  the  separators  were  investigated  using 
field  emission  scanning  electron  microscopy  (Hitachi)  and  tapping 
mode-atomic  force  microscopy  (Digital  Instruments).  The  air 
permeability  of  the  separators  was  examined  with  a  Gurley  dens¬ 
ometer  (Gurley),  where  a  low  Gurley  value  (sec  100  cc-1)  indicates 
high  air  permeability  [5—7].  The  porosity  of  NC  separators,  $p  (%), 
was  estimated  using  the  following  equation  [10,21-23]: 

0p(%)  =  {1  -  [(Wc/Pc  +  WN/PN)/VNC]}  X  100 

where  Wq  is  the  weight  per  square  meter  of  the  Si02/SBR  coating 
layer  (=  4.88  g),  WN  is  the  weight  per  square  meter  of  the  PET 
nonwoven  (=  10.04  g),  pc  is  the  density  of  the  Si02/SBR  coating  layer 
(=  2.08  g  cc-1 ),  pn  is  the  density  of  the  PET  nonwoven  (=  1.40  g  cc-1 ), 
and  Vnc  is  the  volume  of  the  NC  separator  (=  1.9  x  10-5  m3).  The  pore 
size  and  pore  size  distribution  of  the  separators  were  measured  by 
a  bubble-point  test  performed  to  the  ASTM  standard  F316  using 
a  porosimeter  (PMI)  [10,15].  For  evaluation  of  electrochemical 
performance  of  the  separators,  a  liquid  electrolyte  of  1  M  LiPF6  in 
ethylene  carbonate  (EC)/diethyl  carbonate  (DEC)  =  1/1  v/v  (Tech- 
nosemi  Chem)  was  used.  The  electrolyte  uptake  of  the  separators 
was  determined  by  measuring  the  weight  difference  between  the 
dry  state  and  electrolyte-swollen  state.  A  unit  cell  (2032  coin)  was 
assembled  by  sandwiching  a  separator  between  a  natural  graphite 
anode  and  a  LiCoCb  cathode,  and  then  activated  by  filling  the  liquid 
electrolyte.  The  charge/discharge  capacities  of  the  cells  were 
examined  using  a  cycle  tester  (PNE  Solution).  The  discharge  current 


Fig.  2.  Thermal  shrinkage  (after  exposure  to  150  °C  for  0.5  h)  of:  (a)  PE  separator;  (b) 
NC  separator. 
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lower  Gurley  value  and  higher  porosity  of  the  NC  separator,  as 
compared  to  those  of  the  PE  separator,  verify  the  successful  devel¬ 
opment  of  the  highly  porous  structure.  This  uncommon  nanoporous 
structure  is  expected  to  critically  influence  the  electrolyte  wetta¬ 
bility  and  ionic  conductivity  of  the  NC  separator.  A  schematic 
representation  illustrating  the  porous  structure  (i.e.,  well-connected 
nanosized  interstitial  voids)  and  conceptual  ionic  transport  of  the  NC 
separator  is  provided  in  Fig.  1(f). 

The  thermal  shrinkage  of  the  NC  separator  was  compared  with 
that  of  the  PE  separator  by  measuring  the  (area-based)  dimensional 
change  after  exposure  to  150  °C  for  0.5  h  Fig.  2  exhibits  the  superior 
thermal  stability  of  the  NC  separator  (Fig.  2(b)),  in  comparison  to 
the  PE  separator  showing  thermal  shrinkage  of~94%  (Fig.  2(a)). 
This  substantially  mitigated  thermal  shrinkage  of  the  NC  separator 
is  attributed  to  the  presence  of  the  thermally  stable  PET  nonwoven 
substrate  [8-15].  The  PET  nonwoven  substrate  in  the  NC  separator 
does  not  readily  undergo  thermal  shrinkage,  because  it  has  a  high 
melting  temperature  above  250  °C  and  is  not  subjected  to 
stretching  processes,  which  are  generally  employed  to  produce  PE 
separators. 

The  intrinsically  hydrophobic  nature  of  polyolefin-based  sepa¬ 
rators  often  leads  to  electrolyte  wetting  problems  [5-7].  In 
particular,  as  the  application  range  of  lithium-ion  batteries  rapidly 
expands  to  new  fields  that  generally  require  large-sized  batteries, 
fast  and  uniform  wetting  of  the  liquid  electrolyte  over  the  entire 
separator  poses  a  formidable  challenge.  Fig.  3(a)  shows  that  the  NC 


Fig.  3.  (a)  Photographs  exhibiting  liquid  electrolyte  (1  M  LiPF6  in  EC/DEC  =  1/1  v/v) 
wettability  of  PE  separator  and  NC  separator,  (b)  Liquid  electrolyte  immersion-height 
of  PE  separator  and  NC  separator. 


separator  is  quickly  wetted  by  the  liquid  electrolyte  and  also  affords 
larger  electrolyte  uptake  (~161%  (NC  separator)  vs.  ~  117%  (PE 
separator)).  The  electrolyte  wettability  is  further  examined  by 
comparing  the  electrolyte  immersion-height  of  the  separators 
(Fig.  3(b)).  The  NC  separator  presents  greater  electrolyte 
immersion-height  than  the  PE  separator,  which  indicates  facile 
capillary  intrusion  of  the  liquid  electrolyte  into  the  pores  of  the  NC 
separator.  This  improvement  in  the  electrolyte  wettability  of  the  NC 
separator  is  ascribed  to  its  relatively  polar  (i.e.,  electrolyte-philic) 
constituents  and  the  nanosized  porous  structure  (i.e.,  highly- 
connected  interstitial  voids),  both  of  which  may  facilitate  capil¬ 
lary  intrusion  [24,25]  of  the  liquid  electrolyte  into  the  electrolyte- 
philic  pores. 

The  porous  structure  of  separators  is  known  to  crucially  affect 
the  OCV  behavior  of  cells  [5-7,10,15].  An  OCV  drop  reflects  self¬ 
discharge  of  cells  and  possibly  predicts  the  risk  of  internal  short- 
circuits.  Herein,  the  cells  were  charged  to  4.2  V  and  their  voltage 
drop  was  measured  as  a  function  of  elapsed  time.  It  is  of  note  that 
there  is  little  difference  in  the  OCV  profiles  between  the  NC  sepa¬ 
rator  and  PE  separator  (Fig.  4(a)).  On  the  other  hand,  the  cell 
assembled  with  the  pristine  PET  nonwoven  shows  a  sharp  drop  of 
OCV.  This  OCV  behavior  can  be  explained  by  considering  the  pore 
size  and  pore  size  distribution  of  the  separators.  Fig.  4(b)  exhibits 
that,  due  to  the  presence  of  the  close-packed  Si02  colloidal  parti¬ 
cles,  the  NC  separator  offers  not  only  small  pore  size  (most  of  the 
pore  diameters  are  below  0.1  pm)  but  also  a  narrow  pore  size 
distribution,  both  of  which  are  comparable  to  those  of  the  PE 
separator.  By  contrast,  the  pristine  PET  nonwoven  presents  much 
larger  pore  size  (>5.0  pm)  and  broader  pore  size  distribution.  As 


Diameter  (um) 

Fig.  4.  (a)  OCV  profiles  of  cells  assembled  with  different  separators,  wherein  the  cells 
are  charged  to  4.2  V  at  a  constant  charge  current  density  of  0.5  C  and  their  voltage  drop 
is  measured  as  a  function  of  elapsed  time,  (b)  Pore  size  distribution  of  PE  separator,  NC 
separator,  and  pristine  PET  nonwoven. 
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a  result,  it  is  believed  that  the  porous  structure  of  the  NC  separator 
is  sufficiently  tuned  to  suppress  the  self-discharge  of  the  cells. 

The  cell  performances  of  the  NC  separator  at  various  charge/ 
discharge  conditions  were  investigated  (Fig.  5).  The  voltage  and 
discharge  capacity  of  the  cells  gradually  decrease  with  an  increase 
of  the  discharge  current  density.  No  abnormal  or  unstable 
discharge  profiles  were  observed  in  the  NC  separator.  Under 
a  voltage  range  of  3. 0-4.2  V  and  given  current  densities,  the 
discharge  capacities  of  the  NC  separator  (Fig.  5(a))  are  higher  than 
those  of  the  PE  separator  (Fig.  5(b)).  Interestingly,  this  difference  in 
the  discharge  capacities  between  the  separators  becomes  larger  at 
higher  discharge  current  densities  where  the  influence  of  ionic 
transport  on  ohmic  polarization  is  significant  [8-13,24,25].  Fig.  5(c) 
summarizes  the  discharge  capacities  of  the  separators  as  a  function 
of  the  discharge  current  density  (i.e.,  discharge  C-rate).  Previous 
results  (Figs.  1-3)  revealed  that  the  NC  separator  has  a  well- 
developed  nanoporous  structure  and  large  electrolyte  uptake. 
These  advantages  of  the  NC  separator  could  provide  high  ionic 
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Fig.  5.  Discharge  profiles  of  cells  assembled  with:  (a)  NC  separator;  (b)  PE  separator, 
(c)  Comparison  of  discharge  C-rate  capability  between  different  separators. 


conductivity  ( a  =  0.87  mS  cm-1  (NC  separator)  vs.  0.73  mS  cm-1  (PE 
separator)),  which  is  expected  to  improve  the  discharge  C-rate 
capability. 

The  cycle  performance  (i.e.,  discharge  capacities  as  a  function  of 
cycle  number)  of  the  NC  separator  was  compared  with  that  of  the 
PE  separator.  The  cells  were  cycled  up  to  100th  cycles  at  different 
charge/discharge  current  densities  of  0.5  C/0.5  C  and  1.0  C/1.0  C. 
Fig.  6(a)  shows  that  under  a  charge/discharge  condition  of  0.5  C / 
0.5  C,  the  NC  separator  presents  higher  discharge  capacities  than 
the  PE  separator.  Notably,  the  difference  in  the  discharge  capacity 
between  the  separators  becomes  more  pronounced  at  a  higher 
current  density  (=  1.0  C/1.0  C),  which  boosts  the  influence  of  IR 
drop  (Fig.  6(b)).  This  remarkably  improved  cycle  performance  of  the 
NC  separator  may  be  attributed  to  its  highly-developed  nanoporous 
structure  and  strong  affinity  for  liquid  electrolyte,  which  could  play 
viable  roles  in  delivering  more  facile  ion  transport  and  better 
electrolyte  retention  [6,7,10,15]  during  cycling. 

The  improved  cyclability  of  the  NC  separator  can  be  further 
confirmed  by  analyzing  the  AC  impedance  spectra  of  cells  after  the 
1st  and  100th  cycle.  Cycle  performance  is  known  to  be  strongly 
affected  by  variation  of  cell  impedance  [26-29].  A  possible  equiv¬ 
alent  circuit  of  general  lithium-ion  cells  has  been  suggested  in 
previous  publications  [27-32],  which  demonstrates  that  the 
semicircle  of  impedance  spectra  at  the  high  frequency  range 
represents  the  resistance  of  surface  films  on  electrode  materials 
and  the  semicircle  observed  at  the  medium-to-low  frequency 
region  can  be  ascribed  to  the  charge  transfer  resistance  between 
electrode  materials  and  liquid  electrolyte.  Fig.  7  shows  that  after 


Fig.  6.  Cycle  performance  of  cells  assembled  with  NC  separator  or  PE  separator  at 
charge/discharge  conditions  (under  a  voltage  range  of  3.0-4.2  V)  of:  (a)  0.5  C/0.5  C;  (b) 
1.0  C/1.0  C. 
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Fig.  7.  Variation  in  AC  impedance  spectra  of  cells  after  1st  and  100th  cycle  (at  a  charge/ 
discharge  condition  of  0.5  C/0.5  C):  (a)  NC  separator;  (b)  PE  separator. 

the  100th  cycle,  the  growth  in  the  cell  impedance  ( AZRe  ~  3  Q)  of  the 
NC  separator  is  retarded,  as  compared  to  that  ( AZRe  ~  14  Q)  of  the  PE 
separator.  The  suppressed  growth  of  cell  impedance  reflects  the 
stabilized  interface  between  the  NC  separator  and  electrodes.  This 
may  be  due  to  the  benign  contact  of  the  liquid  electrolyte-filled  NC 
separator  (more  specifically,  the  Si02  coating  layer  featuring  well- 
developed,  electrolyte-philic  interstitial  voids)  with  the  electrodes 
during  cycling,  which  could  in  turn  allow  a  more  facile  ion  trans¬ 
port  through  the  interface  between  the  electrode  materials  and 
liquid  electrolyte-filled  NC  separator.  Previous  studies  [33,34] 
reported  that  the  introduction  of  ceramic  coating  layers  to  sepa¬ 
rators  was  an  effective  way  in  retarding  the  growth  of  cell  imped¬ 
ance,  which  in  turn  contributed  to  the  better  cycle  performance. 

4.  Conclusion 

In  this  study,  the  new  NC  separator,  featuring  SiC^  colloidal 
particle-assisted  nanoporous  structural  evolution,  has  been  fabri¬ 
cated  as  a  promising  alternative  to  commercialized  PE  separators. 
The  nanoparticle  arrangement  arising  from  the  evaporation- 
induced  self-assembly  of  SiCb  colloidal  particles  in  a  PET 
nonwoven  substrate  allowed  the  development  of  the  unusual 
nanoporous  structure,  i.e.  well-connected  interstitial  voids  formed 
between  close-packed  Si02  particles  adhered  by  SBR  binders.  Due 


to  this  structural  novelty,  the  NC  separator  exhibited  the  low 
thermal  shrinkage,  highly  porous  structure  (i.e.,  low  Gurley  value), 
excellent  electrolyte  wettability,  facile  ionic  transport,  and  good 
compatibility  with  electrodes,  in  comparison  to  the  PE  separator. 
These  advantageous  characteristics  enabled  the  NC  separator  to 
offer  the  significantly  improved  cell  performance  (particularly  at 
high  discharge  current  densities),  which  demonstrated  its  potential 
application  to  high-safety/high-rate  lithium-ion  batteries.  A 
notable  contribution  of  the  present  study  is  the  provision  of  a  facile 
route  to  fine-tune  the  porous  structure  of  nonwoven-based  sepa¬ 
rators  by  exploiting  the  anomalous  architecture  of  close-packed 
Si02  colloidal  particle  arrays. 
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